Introduction
The first studies regarding light pollution focused on its impact on the starry sky. The astrophysical research community began these studies in the 1970s. In recent years, however, the study of light pollution was updated due to the varied effects on the integrity of the nocturnal environment being discovered. These effects affect both the balance of the natural environment (flora and fauna) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and the social and economic activities of humans [11] [12] [13] [14] [15] . Light pollution even has significant impact on human health [16] [17] [18] . In order to study the consequences of artificial light at night (ALAN) on fauna, flora and human health, an understanding of how it depends on light levels and spectral power distributions is essential. The aim of this paper is to find relationships between the physical properties of the environment and the production of the anthropogenic spectral radiance of the night sky. The relationships will be obtained through one specific empirical experiment but mostly by using a light pollution radiative transfer model. A simple modelling scenario is suggested to achieve this goal. This scenario comprises a circular city with constant properties together with small-scale obstacles and a mountain outside the city.
To be able to characterize the relationship between ALAN and its impacts on biological organisms, one must first be able to understand the physics of its propagation. This understanding is usually conducted both by field measurements and by a theoretical approach that exploits the numerical modelling. The interaction of ALAN with the environment shows an extremely complex and nonlinear behaviour, which cannot be analytically solved so far. To overcome this limitation, several numerical models of radiative transfer have been developed in recent years [19] [20] [21] [22] [23] . These new developments were made possible thanks to the increasing availability of high-performance computing resources, as well as to the availability of geographical datasets, such as night-time satellite data. Such datasets greatly simplify the production of inputs to model over large territories.
Multiple variables that affect the propagation of light pollution in the environment include:
(1) The optical properties of the atmosphere that involve the behaviour of the scattering and absorption of molecules, as well as those caused by aerosols. Some atmospheric constituents, such as water vapour, ozone, aerosols and CO 2 , show significant spatial and temporal variability, which complicate the propagation of anthropogenic light in the atmosphere. For example, a greater presence of weakly absorbing aerosols will have the effect of increasing the scattering probability of the atmosphere which fosters a greater level of radiance from the sky near the light sources. At the same time, this will increase the attenuation of light over long distances for observers located away from sources; (2) The spectral reflectance properties of the ground; (3) The presence of masking by terrain and obstacles (mountains, trees, buildings); (4) The characteristics of lighting devices (spectral power distributions, angular emission pattern (also known as light output pattern (LOP) function), spatial distribution of lighting power on the territory).
Light pollution can reach the environmental elements via three main paths: (i) direct illumination, (ii) scattered light by cloud cover and (iii) scattered light from a clear sky. Scattered light from a clear sky will be main topic for this paper. This complex process is prevalent in cases where there are long distances between the sources and the environment, but the process is also present for short distances when the direct illumination is blocked by obstacles or by the topography (i.e. in shadows as in dense canopies). Before discussing in more depth the scattered light from a clear sky process, let us introduce general considerations about the direct illumination and about light scattered by cloud cover.
Direct illumination generally has the highest light intensity. In that case, the light leaves the lighting device and hits the surface after very low alteration. The particles between the surface and the source scatter and absorb light but, in most cases, these processes are negligible compared with the intensity of the radiation and also because of the short optical paths. For example, in an urban environment, the mean free path of light to a surface is of the order of tens to hundreds of metres. The case of direct illumination is very simple to understand because it only involves geometrical effects, like the shape of the LOP, the source-surface distance and the angles. An estimation of direct lighting can be made with lighting simulation software (e.g. AGI32 or Radiance). For this reason, this process will not be discussed in this paper.
The second largest contributor is the scattering of artificial light by cloud cover. The importance of scattering by clouds in comparison with the scattering from the clear atmosphere is generally many times greater for sites near sources, such as urban and suburban environments. In the specific case of the Cabau Experimental Site for Atmospheric Research (CESAR), located in the western part of the Netherlands, Lolkema et al. [24] have determined that the night sky luminance can increase by a factor of 5-9 compared with the clear sky conditions. Similarly, Kyba et al. [25] studied the effect of cloud fraction on the sky's brightness using Sky Quality Meter (SQM) measurements for urban and rural locations. According to their results, an overcast sky in an urban environment increases the value of the sky brightness by a factor of approximately 10, while in the rural environment this amplification factor is smaller. Very far from sources, the presence of clouds generally obscures the sky, hiding the natural radiance of the starry night. Our group observed this situation at the Mont-Mé gantic International Dark Sky Reserve (Canada). Similar observations can be made at many world-class astronomical observatories. Although the process of light scattering by clouds is of considerable importance for the study of light pollution, it will not be specifically dealt with in this paper. The model Illumina does not yet allow this calculation. The implementation of clouds in the model is in progress, but has neither been completed nor validated.
Methodology
The methodology mostly involves a modelling sensitivity analysis using simplified properties of the geographical domain in order to infer the effect of the various physical variables involved. In one exceptional case, a combination of empirical and modelling methods was used to determine the relationship between the night sky radiance and the aerosol optical depth (AOD; e.g. §3a).
(a) Model description
The radiative transfer model used for this study is called Illumina, v. 2 [19] . This model is distributed under Gnu Public License and is available for download from Google Code [26] . The main difference between v. 1 and v. 2 is that a statistical optimization has been added for the selection of ground-level pixels and gridded three-dimensional air elements (voxels) along the line of sight in order to reduce the computing time by a factor of approximately 50. Basically, Illumina acts as a ray-tracing software where a set of photons is thrown from light fixtures located above the ground-level pixels and then reaches the observer's field of view (FOV) following four different light paths: (i) first scattering by molecules and aerosols in voxels of the line of sight (I 1 ), (ii) first scattering after Lambertian reflection on the ground (I r1 ), (iii) a second scattering in a voxel of the line of sight after a first scattering from atmospheric voxels contained in a surrounding volume (I 2 ), and (iv) the same path as (iii) but after reflection on the ground pixel (I r2 ). The resulting approximation of the light spectral intensity (W sr 21 nm
21
) I no is expressed in equation (2.1) and illustrated in figure 1a .
The total spectral flux (W nm
) as perceived by a simulated observer is modelled by equation (2.2):
2)
The different solid angles involved in equation (2.2) are illustrated in figure 1b .
The scattering processes toward the observer and the extinction by aerosols (scattering and absorption) and molecules (scattering only) are computed for all the light paths considered. Illumina computes the first and second orders of scattering of light. The second order of scattering may have a significant impact on sky radiances, especially when the observer is far from the cities [27] .
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The case of the propagation of light pollution is, in fact, very different from the well-studied propagation of sunlight because the sources of light pollution are spread on a large surface in comparison with the distance from the observer. The importance of the second order of scattering in that case may be understood by the fact that the first scattering dome of light acts as an extended source for the second scattering process, and thus its reduction as a function of the distance is less steep when compared with point-like sources. In addition to the explicit treatment of the second order of scattering, the main advantage of Illumina is its gridded based concept, allowing for change to the light flux power, the spectrum, the LOP, the lamp height, the ground reflectance and the topography for each pixel independently. It is then possible to model complex situations as they appear in real cities and environments.
Generally, many gridded datasets are taken from satellite remote sensing data (MODIS, DMSP-OLS, SRTM). But there are still some limitations, especially those generated by the spatial uniformity of some variables. Indeed, the AOD, relative humidity, ground-level atmospheric pressure, obstacle height and the typical distance between obstacles are spatially uniform in the model. The chemical composition of the aerosol content and the size distributions are determined by using the complex refractive index and bimodal lognormal size distributions suggested by Shettle & Fenn [28] . Their corresponding optical impacts were calculated with a Mie theory code for spherical particles, originally developed by Evans [29] . The aerosol composition may be changed according to the geographical particularities of the modelling experiment or to account for specific events, like important biomass burning or Saharan sand storms. Many standard aerosol models are available (maritime, urban, rural), with each of them defining the chemical composition, size distribution and hygroscopic properties of aerosols, which have been translated in scattering and absorption cross sections, as well as in scattering phase functions for a variety of ambient relative humidities.
(b) Standard modelling parameters set used
In this specific study, some simplifications of the geographical properties of the modelling domain are made as shown in figure 2 . Actually, a hypothetical circular shaped city with a 10 km radius and constant lamp properties is considered. Ground reflectance was made uniform over the modelling domain. The ground elevation was set to zero for most of the grid points, except for a 2000 m high three-dimensional Gaussian-shaped mountain located 30 km eastward from the city centre. The full width half maximum used for the Gaussian function was 10 km. The city has a small slope. The westernmost pixel of the city is elevated by only 1 m, while the elevation is gradually increasing to a height of 164 m at the easternmost pixel. This elevation change occurs over a distance of 20 km (equivalent to a mean slope of approx. 0.8%). The spatial resolution used for this study is 1 km per pixel, and the domain covers a surface of 301 Â 301 km, centred on the city. Light flux inside the city is set to 1000 W per pixel for each of the key spectral lines used. The idea was to study the spectral behaviour of light pollution while excluding the fact that the spectral line fluxes vary according to the mix of lamps installed. The five key spectral lines used are: 436, 498, 546, 569 and 616 nm. Each line corresponds to a common line for high pressure sodium, for metal halide, or for mercury vapour lamps. The spectral lines have been selected in such a way that they do not interfere with any important molecular absorption feature, and are only slightly impacted by the Fraunhoffer and auroral lines.
The reference frame and set of standard parameters were defined in order to be able to efficiently compare any variation of a given variable. The reference frame is summarized in table 1. Note that the averaged distance between obstacles and averaged obstacle height has been determined from the average distance between buildings facades and average building height in typical European city centres. For the suburbs, the distance must be increased and the building height decreased, but as of now Illumina considers this distance as a constant value all over the modelling domain. In a future version, one may expect correction of this limitation.
To infer the impact of each identified variable, a set of values for each variable was defined, each combination corresponding to a distinct model computation. The set of values is given in table 2. This set resulted in 163 800 different calculations that needed to be solved. Calculations were made with the supercomputer Mammouth serial II, an infrastructure maintained by Compute Canada. On average, it requires a couple of weeks to complete the computations for approximately 1000 computing nodes using this equipment. Figure 1 . Modelling geometry and most important contributions to the flux perceived by an observer. MRR, maximum reflection radius which is equivalent to the average distance between obstacles; MSR, maximum radius for second order of scattering computation.
Results and discussion (a) Sky radiance as a function of aerosol loading
Very few studies have inferred the dependence of the sky brightness upon aerosol loading, but a modelling experiment conducted by Tian et al. [30] showed that for a constant light source the brightness of anthropogenic light sources observed from a distance (here, approx. 50 km) is strongly dependent on AOD with a negative slope. According to Tian et al., for sites located in the suburbs or cities, the sky brightness becomes less dependent on AOD.
Pun & So [31] tried to find experimentally a relationship between the sky brightness and aerosol atmospheric content by comparing a huge database of SQM measurements taken around Hong Kong with ground-level particulate (PM2.5) concentration measurements. Note that there is a strong correlation between AOD measurements and ground-level PM2.5 concentrations [32] . The data acquired by Pun & So do not show clear relationship between aerosol loading and sky brightness (R 2 ¼ 0.0667 with a very low slope). This low dependency is consistent with the results of Tian et al. [30] for cities and suburbs. During the winter of 2009, I tried to find the AOD versus sky brightness relationship in Sherbrooke, Canada, by using the spectrometer for aerosol night detection (SAND) [33] . The methodology used compared night radiance of the 569 nm sodium line with AERONET AOD measurement (CARTEL site) which was the nearest in time (less than 6 h) [34] . Only the AERONET data which were stable were considered, and a first-order correction to the SAND data was applied to reduce the impact of temporal variations in snow cover during this period. This correction was made to account for the major impact of snow reflection on the sky radiance readings. In fact, the radiance was divided by the snow cover fraction. The SAND and the AERONET sunphotometer were located in the suburbs of Sherbrooke city and thus, according to Tian et al. [30] , one must expect a weak relationship between sky radiance and AOD. This relationship, however, showed a significant increase in the AOD range 0-0.1, followed by a slow decrease. Tian et al.'s theoretical result is consistent with our observations presented in figure 3 . The grey curve on that figure is a lognormal fit of the data, which is only valid for that specific case. Figure 4 shows the calculated distance relationship of the radiance at 569 nm obtained with the Illumina model. The relationship is steep (note the logarithmic vertical scale) and it gets steeper when the zenith angle decreases. Note that the curve for z ¼ 0 corresponds to the standard parameter set described in table 1. A power law was fitted on the data for distance larger than a city radius; a decreasing function with r 23.33 (R 2 ¼ 0.9933) was obtained. Figure 5 clearly
shows how the ratio of the sky radiance at AOD ¼ 1.0 ( polluted atmosphere) over the sky radiance at AOD ¼ 0.1 (clear atmosphere) is close to unity (between 0.96 and 1.10) inside the city but decreases rapidly outside city limits with increase of the distance from the city centre. As an example, at 50 km from the city centre the ratio is about 0.023. In other words, the zenith radiance is 44Â larger with AOD ¼ 0.1 compared with AOD ¼ 1.0. This behaviour can be understood by the mechanism of extinction that reduces the light reaching the zenith direction when the observer is far from the source.
(b) Impact of second order of scattering and small obstacles This study shows that the importance of the second order of scattering is highly dependent on the presence of blocking obstacles that are taller than light fixtures. This is consistent with the idea that obstacles block the light reaching the zenith line of sight in a remote site. Indeed, the light is more likely to reach this line of sight after one scattering process than it is directly. Figures 6 and 7 show, respectively, how the percentage contribution of the second order of scattering to the radiance varies with distance for AOD ¼ 0.1 and AOD ¼ 1.0. The curve with the black squares in figure 6 corresponds to our standard parameter set (table 1). Note that for both figures 6 and 7, the cases without obstacles and with obstacles lower than the light fixtures show very similar behaviour. For low aerosol loadings (AOD ¼ 0.1), the contribution of the second order of scattering is generally lower inside the city perimeter (approx. 7% with obstacles), but this percentage increases rapidly when exiting the city. The maximum contribution of the second order of scattering is obtained near the city limit, where it can reach 38% without the blocking effect generated by obstacles. By adding obstacles that are taller than light fixtures, this contribution drops to 14%. In any case, the contribution of the second order of scattering is not negligible and must be taken into consideration. When the AOD rises, the percentage of the second order of scattering next to the city limits increases (compare figure 7 with figure  6 ). In figure 7 , the percentages obtained are 62% without obstacles taller than light fixtures, and 32% with obstacles taller than light fixtures. The importance of the second order of scattering decreases more rapidly with distance for highly polluted atmospheres.
Luginbuhl et al. [21] showed that omitting the effect of light blocking by objects, such as buildings and vegetation, could lead to an overestimation of the sky brightness by a factor of more than two. This discrepancy is more important for larger zenith angles. In their study, they tried two methods to correct for obstacle blocking: the first one was to define new upward intensity distributions with the help of lighting simulation software, and the second method was to consider blocking as a process of extinction and as a function of distance (air mass).
As part of this study, the relative importance of the presence of obstacle blocking for AOD¼ 0.1 and AOD ¼ 1.0 as a function of the distance from the city centre for the zenith rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140117 radiance was inferred. Two obstacle heights were tested: 5 m and 10 m which were, respectively, smaller and taller than light fixtures (7 m). This experiment is illustrated in figure 8 which shows that inside the city perimeter the radiance without obstacles is almost twice the radiance with the obstacles when these are taller than the light fixtures. This result is consistent with the findings of Lughinbuhl et al. [21] . When obstacles are smaller than the light fixtures, their impact is very low (a ratio slightly above unity is observed). This latter case corresponds to most suburban regions. At AOD ¼ 0.1 (figure 8, black squares), the radiance without obstacles rapidly increases outside the city compared with the radiance with obstacles taller than the light fixtures, and is still increasing 80 km from the city centre. When AOD ¼ 1.0 (dotted line), the ratio without/with obstacles is maximal when exiting the city, and then decreases with distance, meaning that obstacles are many times more efficient in reducing sky brightness far from cities under a clear atmosphere. Figures 9 and 10 show, respectively, the impact of having tall and small obstacles for various zenith angles at 30 km from the city centre for an AOD of 0.1 and 1.0. The case without obstacles at AOD ¼ 0.1 (figure 9, dotted curve) is very similar to Garstang's [35] results. Garstang's data are plotted as grey circles in figure 9 ; his original data were normalized to equal data at z ¼ 0 without obstacles because of the different light power per unit of ground elements used. In Garstang's calculations, Denver was assimilated as a circular city of 15 km radius and the results are for a distance of 40 km from the city centre, both of which are different from our standard parameter set (r ¼ 10 km and d ¼ 30 km), and thus one should be careful with this comparison. Illumina is, however, in good agreement with Garstang's model between z ¼ 2308 and z ¼ 408. Garstang's calculations show lower values of the sky radiance at large zenith angles. This can be explained, in part, by the difference in LOP used by Garstang who employed a much greater upward light output ratio (ULOR) of 15% compared with the LOPs used in this study which have ULOR ¼ 1% (Helios) and ULOR ¼ 7% (Cobrahead). A larger ULOR produces less variation at z ¼ 0 compared with high zenith angle radiances (see figure 12 below) .
The first feature of the angular dependence of figure 9 is that, under a standard parameter set, the minimum radiance is obtained at reverse angles near the zenith. But the most striking feature is the inflection of the curve at high reverse zenith angles (z 2508). Note that when z . 0, the observer looks toward the city (forward angles). Without obstacles, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140117 this inflection is small, but occurs around z ¼ 2758. With the obstacles, the inflection occurs at z ¼ 2608 and is more important. This inflection is caused, in a large part, by the blocking of light by obstacles. According to the height and distance between obstacles that were used (10 m and 15 m, respectively), the upward light with jzj . 578 does not reach the upper layers of the atmosphere at 30 km from city centre, hence reducing the sky's radiance. In addition, a significant part of the origin of the inflection is explained by the extinction of light that increases with increasing zenith angles. Indeed, if you look at figure 10 (AOD ¼ 1.0), the inflection in the curve is more prominent than in figure 9 (AOD ¼ 0.1), and it also occurs toward the city (at z ¼ 758). The relative importance of the second order of scattering coincides with the inflection in the curve (as shown in figure 11 ), but actually this feature is probably a consequence of the blocking of a part of the direct upward light by obstacles taller than light fixtures. Basically to have obstacles taller than light fixtures is more or less equivalent to a reduction of the net ULOR of the lamp. Note that in figure  9 , when the obstacles are smaller than light fixtures, the inflection almost vanished. Also, figure 15 below, which shows the impact of changing the ULOR of the lamps, indicates that the inflection is more important when the ULOR decreases.
(c) Impact of light output pattern
This section addresses the impact of the angular distribution of light exiting the light fixture for obstacles taller and smaller than the light fixtures. As has been widely recognized by the dark sky protection community, the ULOR is of critical importance for generation of anthropogenic sky brightness. The fraction of light travelling near the horizon has also been historically identified as having a significant impact on sky brightness, especially for remote observers. Many of these concerns were identified with simplified models that had a very basic implementation of the second order of scattering. Moreover, the models did not account for blocking by obstacles or topography. In 2007, Aubé [27] showed that light travelling near a horizon was not as critical as previously thought. Luginbuhl et al. [21] later confirmed this assertion. In 2011, Falchi [36] found that direct light (i.e. ULOR) was the main contributor to the zenith artificial sky brightness, at least for the sampled sites and that direct light contributes 75% of the Figures 12 -14 show the distance relationships obtained at z ¼ 0 and z ¼ 608 and for obstacle heights of 5 m and 10 m. As expected, Cobrahead fixtures generally produce more sky brightness than Helios when obstacles are smaller than light fixtures, but obstacle height also plays an important role. As an example, when obstacles are taller than light fixtures, the Cobrahead becomes almost identical to the Helios because the Cobrahead ULOR is concentrated near the horizon and this part of the flux is efficiently blocked by obstacles. Figure 14 shows that the radiance ratio of Cobrahead over Helios is near unity in the city, but can increase by one order of magnitude away from the city's border. Figures 15 and 16 show similar results, but as a function of the zenith angle. The Cobrahead/Helios radiance ratio is given for two distances from the city centre ( figure 16 ). As seen in figure 16 , outside the city when obstacles are taller than light fixtures, one impact of having a larger ULOR is to have a radiance between five and 30 times higher between z¼ 0 and z ¼ 2708 (opposite to the city centre). When obstacles are smaller than light fixtures, a larger ULOR produces four-to eightfold a radiance increase for the same zenith angle interval and same observer position. In the direction of the city, the ULOR increase has a lower impact on the sky's radiance.
For an observer located in the city centre (figure 16, black squares and grey line), the ULOR increase produces a more important radiance increase at large zenith angles (z . 608 and z , 2608). This is true for both obstacle heights. 
(d) Impact of terrain masking
In 2001, Cinzano et al. [37] showed that the screening effect of mountains can influence significantly the sky brightness only when the mountain is near the observer. To infer the impact of masking by terrain in the present study, a mountain 2000 m high was placed eastward from the city. The summit of the mountain is located 30 km away from the city centre. Then, the observer was placed 80 km from the city centre at both sides of the city so that for the eastern observer, the mountain completely blocked the direct light from the city. The ratio of the radiance without blocking by the mountain over the radiance with blocking by the mountain as a function of the zenith angle is given in figure 17 . This figure tells us that for most viewing angles, the terrain blocking only slightly reduces the sky's radiance. The radiance without the mountain is only 1.03 times the radiance with the mountain on average, from z¼ 2608 to z ¼ 858. This factor increases rapidly for reverse angles larger than 608 (z 608). The highest factor, of approximately 2.3, is obtained at 85 o , the highest zenith angle computed. This rapid increase can be explained by the fact that at such angles, the observer's line of sight crosses the shadow of the mountain for most of its trajectory into the atmosphere.
(e) Impact of ground reflectance
The modelling experiment was repeated for three different values of ground reflectance, from 0.1 to 0.8. The first value roughly corresponds to the usual reflectance encountered underneath light fixtures, and 0.8 corresponds to the winter ground cover dominated by snow (full snow cover has a reflectance of approx. 0.97). Ground cover dominated by snow occurs in Canada immediately after a snow storm for asphalt surfaces and almost all the wintertime for dirt roads. Normally in Canada on asphalt roads, snow is removed with salt except when the temperature is lower than approximately 2238C. In such cold conditions, snow does not melt and the snow cover can remain for many nights; the results are plotted in figure 18 . ). In other words, the direct upward light contributes to 36% of the zenith radiance for a downtown observer when using the Cobrahead fixtures and with obstacles 10 m high. When the reflectance is 0.8 (radiance of 3.10 Â 10
26
), the direct contribution in the upper hemisphere represents only 6.7% of the total radiance. Similarly, 30 km away from the city centre, extrapolation at a reflectance of zero gives a radiance of 7.96 Â 10
29
.
In that case, the upward direct light contributes to 86% of the zenith radiance at a reflectance of 0.1 (9.29 Â 10 29 ). When the reflectance is 0.8 (radiance of 1.86 Â 10
28
), the direct contribution in the upper hemisphere represents 43% of the total radiance. Basically, upward emission dominates the sky zenith radiance when the observer is located far from the city, but reflected light dominates the zenith sky radiance inside the city.
(f ) Impact of wavelength
It is well known that wavelength has a strong impact on the scattering process in the atmosphere. Thanks to the Rayleigh theory, it is known that molecules scatter light with a probability proportional to l 24 . However, aerosols, which are larger in size, scatter light with a probability proportional to l 2a with a % 1, where a is the Å ngstrom exponent. The Å ngstrom exponent varies with the size distribution of the aerosol population. As the AOD is dependent on the wavelength, the sensitivity analysis was conducted as a function of the wavelength by setting the AOD at 546 nm to 0.1, and using an Å ngstrom exponent of 1.3 to determine AOD for the four remaining key wavelengths. Then, computations of the sky's radiance at each wavelength were made, assuming that the flux emitted by the light fixture in each key wavelength was the same. This is never the case, but allowed us to better discriminate the spectral variations originating from the atmospheric and environmental effects from variations originating from the lamps' spectral distributions.
The ground reflectance was considered independently of the wavelength and a value of 0.1 was adopted. Figure 19 shows the radiance versus wavelength relationship for the three distances from the city centre (0 km, 30 km, 80 km). But the calculation was also made for all the other distances listed in table 2. Then afterward, a power function of the wavelength was fitted to 
Conclusion
To investigate the consequences of ALAN on fauna, flora and human health it is important to understand how it depends upon light levels and spectral power distributions. The aim of this paper was to identify the variables that have a significant influence on the anthropogenic radiance of the night sky. We especially wanted to determine to what extent each of these variables could affect the spectral radiance of the night sky, while establishing interactions between these variables. To achieve this goal, a simple modelling scenario comprising a circular city with constant properties plus small-scale obstacles and a mountain outside the city, was defined. The standard parameter set was also defined, which gave a starting point for the sensitivity analysis. The variables that were investigated include: ground reflectance, the height of obstacles, the blocking effect by a mountain, the AOD, the angular photometry of the light fixtures and finally the impact of wavelength of the light. . In other words, the zenith radiance is rapidly attenuated with distance outside the city limits under high AOD. -The second order of scattering is very important to accurately model the sky's radiance. The second order of scattering is even more important for high AOD and when the light is blocked by obstacles. Actually, under the standard parameter set, the second order of scattering contributes to approximately 7% of the zenith radiance inside and approximately 14% outside the city. For AOD ¼ 1.0, the second order of scattering contributes to approximately 20% of the zenith radiance inside the city, but can reach more than 30% outside. The value decreases with increases in distance. -Inside the city's perimeter, the zenith radiance without obstacles is almost twice the radiance obtained with obstacles taller than light fixtures (i.e. 10 m high). The relative importance of the radiance without obstacles in comparison with the radiance with 10 m obstacles increases with distance to reach approximately sevenfold at 80 km from the city centre, which indicates that blocking by obstacles becomes more and more efficient in reducing the zenith sky brightness when distances are increased. The case of obstacles smaller than light fixtures (e.g. 5 m tall) is almost equivalent to the case without obstacles inside and outside the city. -Under the standard parameter set, the radiance as a function of the zenith angle in the principal plane, is lower near the zenith at low reverse angles and increases with the zenith angle, but also shows an inflection of the curve at high reverse zenith angles (z 2508). This inflection is caused by (i) the reduction of the upward flux (which can be caused by a reduction of the lamp ULOR or by blocking by obstacles) and (ii) the increasing light extinction that occurs with increased zenith angle. The last effect is more important with a larger AOD. -Having a larger ULOR (e.g. 7% in comparison with 1%) generates larger radiances in the reverse angles for an observer located outside the city. In the direction of the city, the ULOR increase has a low impact on the sky's radiance, especially when the obstacles are taller than the light fixtures. For an observer inside the city, the increase of ULOR with tall obstacles produces a modest increase of radiance (approx. 1.2-fold at z ¼ 0 and approx. threefold rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140117 at z ¼ 858), but with small obstacles the increase of the radiance is greater. -Terrain masking has a very low impact on sky brightness for most zenith angles (approx. 1.03-fold), except for very high reverse zenith angles (z 2708). The low impact observed is probably an effect of the relatively great distance of the mountain in comparison with its height. -Zenith radiance is linearly related to the ground reflectance for a fixed set of light fixtures. -Snow cover greatly reduces the relative impact of the ULOR. -Upward emission dominates the sky radiance at zenith when the observer is located far from the city but reflected light dominates the sky radiance at zenith inside the city. -Zenith radiance is a power function of the wavelength, with an Å ngstrom exponent ranging from approximately 3.6 in the city centre to approximately 2.7 at 80 km from the city centre. This indicates that the impact of blue light is more important at shorter distances from the city centre, but it is still large far from the city centre. This is a very important result in regard to the potential impact on biological systems. Indeed, scotopic vision is more sensitive in the blue part of the spectrum (approx. 500 nm). This is even more important for the melatonin suppression potential, because this process is more sensitive to the deep blue part of the spectrum (approx. 445 nm) [38] .
